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The high-pressure (100–2800 kPa) hydrogen permeance of two membranes, each composed of a thin palladium film (∼22�m) deposited o
he oxidized surface of a porous stainless steel tubular substrate (0.2�m grade support) has been determined over the 623–723 K tempe
ange. The hydrogen flux was proportional to the H2 partial pressure in the retentate raised to an exponent of∼0.55 for one membrane a
0.64 for the other, indicating that the transport of hydrogen through the composite membrane was primarily limited by bulk
verall, the hydrogen permeance of these membranes was within a wide range of values previously reported with thin film
embranes of comparable thickness. The first membrane exhibited no detectable helium flux at hydrogen partial pressures less

or a retentate stream composed of 90% hydrogen and 10% helium. H2/He selectivity decreased to values as low as 12, however, a
ransmembrane pressure differentials as great as 2800 kPa. As the membranes were heated from 623 to 723 K under press
800 kPa, the permeance of each membrane remained invariant at values of∼1.5× 10−4 and∼2.9× 10−4 mol/(m2 s Pa0.5), then decrease
y ∼35% when the membrane was cooled back to 623 K, indicating some degradation of the membranes under the high-pres
onditions. Scanning electron microscopy (SEM) analysis revealed that extremes in the palladium film thickness ranged from abou�m
ith palladium “fingers” extending into the pore structure anchoring the palladium layer to the support. Although surface charac
ould not pinpoint the source of the degradation, intermetallic diffusion could not be ruled out in spite of the presence of the oxide
2004 Elsevier B.V. All rights reserved.
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. Introduction

There are numerous possible industrial applications for
alladium-based membrane reactors, including equilibrium-

imited dehydrogenation reactions, reforming reactions and
eactions that produce hydrogen as a product[1,2]. For ex-
mple, hydrogen permeable membranes are an integral part
f coal gasification plants being promoted by the US DOE
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Vision 21 program that employ the water-gas shift reac
to produce high purity hydrogen. In such cases, memb
reactors permit high conversions of carbon monoxide
steam to hydrogen and carbon dioxide to be attained vi
selective removal of hydrogen from the effluent gas mixt
Palladium-based membranes continue to be consider
membrane candidates because of their catalytic activity
respect to hydrogen dissociation, high hydrogen permea
and resistance to oxidation. Some degree of success ha
obtained in dealing with the potential drawbacks in the
plication of palladium membranes. Hydrogen embrittlem
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of the membrane can be reduced through the use of highly
permeable alloys such as 77 wt.% palladium–23 wt.% silver.
The susceptibility of palladium surfaces to poisoning by trace
concentrations of sulfur-containing gases in gasifier effluent
streams (even after gas clean-up) is being diminished by the
development of sulfur-resistant alloys such as the 60 wt.%
palladium–40 wt.% copper alloy[3].

The expense of palladium is being mitigated by the de-
velopment of technologies that deposit durable ultra-thin Pd
layers on a porous substrate. There are numerous methods
for manufacturing hydrogen membranes composed of thin
films of palladium supported on porous substrates, including
the use of thin palladium foils[1,4,5] or the deposition of
palladium on a highly permeable, relatively low selectivity
porous substrate[1,6–17]. In each case, the palladium film is
designed to be thin enough to decrease material cost and in-
crease hydrogen flux while remaining thick enough to retain
adhesion, attrition resistance and mechanical integrity during
temperature cycles. The porous substrate primarily provides
mechanical integrity, though the substrate can also act as a low
selectivity membrane. Although supported membranes re-
quire less palladium and exhibit higher permeance than bulk
palladium, palladium delamination, cracks in the palladium
layer, leaks at ceramic-metal seals, or pinhole defects can re-
sult in low selectivity. Further, the performance of palladium-
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The permeance of bulk palladium membranes can therefore
be determined from the slope of hydrogen flux plotted against
(Pn

H2,ret − Pn
H2,perm).

Exponent values equal to 0.5 indicate that bulk diffusion
limits the mass transport of hydrogen through the membrane.
Greater exponent values (0.5 <n< 1) have been attributed to
a variety of factors, including the increasing significance of
surface effects, concentration dependence of the permeability
(diffusion coefficient and/or solubility), gaseous flow through
defects in thin palladium films, transport resistance of the
substrate material, palladium surface contamination, flow of
hydrogen through grain boundaries, thermal history, lattice
dilatation and/or lattice defects. The direct proportionality of
hydrogen flux to the pressure gradient across the membrane
(i.e.,n = 1.0) is indicative of the flux being surface-reaction
controlled rather than bulk diffusion controlled[19,26].

1.2. Objective

Most prior studies of Pd-based hydrogen membranes
have been conducted at relatively low temperatures and
pressures. Membrane performance at the higher temperature
and pressure conditions associated with the water-gas shift
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oated porous stainless steel membranes may dimin
00–900 K due to the formation of lower permeability

oys of palladium with substrate components[7,18]. Mem-
rane failure at temperatures of approximately 673–7
as also been reported for membranes consisting of thin

adium films supported on alumina, possibly due to sinte
f the fine palladium grains[19] or irreversible changes
lm structure due to annealing[20].

.1. Membrane performance

The hydrogen flux through thin films of palladium is
en directly proportional to the product of the hydrogen
eability,k, and the difference between the hydrogen

ial pressures across the membrane raised to an exp
0.5≤ n≤ 1).

H2 = −k
(Pn

H2,ret − Pn
H2,perm)

XM
(1)

The exponent is determined by optimizing the linea
y varying the value of n in a plot of flux versus (Pn

H2,ret −
n
H2,perm). Exponent values for thin supported membrane

he range of 0.5–1.0 have been reported for supported
ium, along with temperature-dependent exponents[14].

The hydrogen permeance,k′, of a membrane is the ratio
he hydrogen permeability to the membrane thickness.
eance is often calculated when the exact thickness o
embranes is difficult to measure, or when the determin
f the combined mass transfer resistances of the comp

ayers is desired.
t

eactor proposed in conceptual coal-to-hydrogen gasific
lants (473–1173 K, 1500–6800 kPa) has not been
ocumented.

Therefore, the primary objective of this study was to e
ate the performance of a thin, supported hydrogen m
rane at temperatures as high as 723 K and hydrogen p
ressures as great as 2500 kPa. This performance was
ared with literature reports of membranes evaluated a
ydrogen partial pressure conditions, particularly with a
alladium membrane of comparable dimensions deposit
porous ceramic substrate[30]. The membranes employ

n this investigation were composed of a thin layer of pa
ium that was deposited on the oxidized surface of a po
tainless steel substrate via electroless plating. Mem
erformance was characterized in terms of permeability
eance, flux and selectivity.
A secondary objective of this study was to compare

erformance of the membrane at high hydrogen partial
ure conditions with the numerous prior studies of thin
orted palladium films characterized at low hydrogen pa
ressure conditions. Although membrane permeance o
eability can be compared directly if the membranes

haracterized by the same exponent value (e.g.,n = 0.5),
embranes with different hydrogen partial pressure e
ent values should be compared by calculating the hydr
ux at standard hydrogen partial pressures gradients o
etentate and sweep sides. Therefore, the hydrogen flux a
ach membrane was evaluated at “standard conditions”
rogen pressure gradient of 100 kPa) as a means of com

heir performances.
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2. Experimental section

2.1. Preparation of Pd membrane on porous stainless
steel support

Porous 316L seamless stainless steel (SS) tubing, having
an o.d. of 6.4 mm and an i.d. of 3.2 mm, was purchased from
Mott Metallurgical Corporation. According to the manufac-
turer, the tube possesses a filter grade (95% exclusion) of
0.2�m and a porosity of roughly 20–23%. The tube was cut
into 45 mm long segments and welded to dense stainless steel
tubes. The porous section of these units possessed approx-
imately 9 cm2 permeable surface area. The membrane was
formed on the outer side of the porous tube by the electroless
plating technique described elsewhere[7].

The applications of porous stainless steel supports are of-
ten limited at elevated temperatures due to the atomic diffu-
sion of the components of the steel alloy into the palladium
membrane which decreases the hydrogen permeability of the
membrane. A simple and economical method for the forma-
tion of an intermediate layer on the porous stainless steel
support to prevent the intermetallic diffusion was developed
in the Worcester Polytechnic Institute (WPI) laboratory[37].
In this method, a thin metal oxide layer acting as a barrier to
diffusion is formed on the surface of the support by controlled
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vated layer was created after three to six sensitizing/activation
cycles.

The deposition of palladium on the outside surface of the
activated porous SS supports was carried out at 333 K by plac-
ing the activated porous SS support in an electroless plating
cell containing the plating solution. The plating cell was in
turn immersed in a constant temperature bath. After about
90 min, the deposition rate of palladium decreased with the
depletion of palladium ions and hydrazine, with a concomi-
tant decrease in the pH of the plating solution. Because of
this, the plating solution was replaced every 90 min with a
fresh solution in order to maintain a stable, high-deposition
rate. The membrane was carefully rinsed with deionized wa-
ter after each plating cycle. The thickness of the palladium
film was estimated gravimetrically; the increase in the mass
of the porous stainless steel tube was assumed to be solely at-
tributable to the deposition of the palladium film. The thick-
ness was also measured by scanning electron microscopy
(SEM) at NETL.

Three membranes were prepared for analysis. They were
designated as NETL-Ma, in reference to the NETL facility
where the membrane permeance and selectivity were deter-
mined and also in reference to Y.H. Ma of WPI, who su-
pervised the membrane fabrication. One membrane was held
out for destructive characterization prior to flux testing, and
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The metal oxide intermediate layer was prepared as
ows. The porous stainless steel support was cleaned
ltrasonic bath with alkaline solution at 333 K for 30 m
his cleaning procedure was followed by sequentially r

ng in tap water, deionized water and isopropanol. The
aline cleaning solution consisted of a combination of a

ine sodium compounds such as hydroxide, carbonate,
hate and organic detergent. After drying at 393 K for 2 h
leaned porous SS was oxidized with air at 673 K for a
0 h. The rate of heating and cooling during the oxida
rocess was 3 K/min.

The next step in membrane preparation was surfac
ivation, the purpose of which was to seed the porou
urface with palladium nuclei to initiate an autocatalytic p
ess of the reduction of a metastable metal salt comple
he target surface during electroless plating. The activ
rocedure consisted of successive immersions in an a
nCl2 solution (sensitizing) followed by an acidic PdC2
olution. After immersion in the SnCl2 solution, a gentl
insing with deionized water was used. Rinsing with 0.0
Cl and then water was carried out after immersion in
dCl2 solution in order to prevent the hydrolysis of Pd2+

ons. The activation layer could be considered as a s
ich structure consisting of a number of thin layers,
fter each sensitizing/activation cycle, with palladium
lei on the top of each layer. A thicker activated layer
ulted in a higher density of palladium nuclei on the sup
urface, but a diminished adhesion of further deposited
adium layers to the porous SS support. The optimum
esignated with the number “0.” The other two membra
ere analyzed non-destructively before permeability tes

ested, then subjected to similar destructive post-test ch
erization. These were designated with the numbers “1”
2.” The final number in the designation indicates the m
ured thickness of the palladium film (in microns).

.2. Permeability testing

The membranes were tested both before and after
ent from WPI to NETL. The low pressure permeab

esting unit at WPI has been described in detail elsew
7]. The unit consisted of a shell and tube assembly w
he feed gas flowed upward through the shell side of the m
rane and the permeate gas was collected on the tube
he feed side was pressurized with the gas of interest
ydrogen), controlled with the help of a capacitance pres

ransducer. The permeate side pressure was kept at
pheric pressure. The gas permeation rate was deter
y measuring the volumetric flow on the permeate side

ectivity for hydrogen was verified by a lack of flow wh
itrogen or helium was used as the feed gas.

The NETL hydrogen membrane testing (HMT) u
as designed and constructed for high-pressure,

emperature membrane permeability testing. The appa
as designed to allow simultaneous testing of hydrogen s

ation membranes at temperatures and pressures up to 1
nd 2800 kPa, respectively. A schematic of the memb
pparatus is shown inFig. 1 and has been described in

ail elsewhere[38]. A supported palladium membrane w
laced within 19.1 mm diameter Inconel 600® alloy tubing
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Fig. 1. High pressure, high temperature permeability apparatus and detail of the tubular membrane configuration.

which acted as the shell of the separation unit and allowed
the membrane to be tested with counter current flow. The
dimensions of the tested membranes are detailed inTable 1.

Membrane selectivity was determined usingEq. (3),
whereαH2,He is the selectivity for hydrogen over helium and
ygas, streamis the mol% of either hydrogen or helium in the per-
meate or retentate stream, respectively. Helium served as the
inert component in the feed stream (90 mol% H2, 10 mol%
He) to indicate the presence of leaks. A defect-free membrane
exhibits an infinitely high selectivity value because helium
cannot diffuse through palladium and its concentration in the
permeate,yHe, permeate, would equal zero.

αH2,He = yH2,permeateyHe,retentate

yHe,permeateyH2,retentate
(3)

The hydrogen–helium feed stream flow was controlled in the
range of 200–1000 sccm. An argon sweep gas was passed
axially over the permeate side of the membrane to minimize
the accumulation of hydrogen at the membrane surface. How-
ever, in spite of these flow rates, the concentration of hydro-
gen in the sweep gas occasionally became quite high, some-
times exceeding 50 mol% hydrogen. The argon flow also was
the means of transporting the diffusing hydrogen to the gas

Table 1
Dimensions of the membranes used for testing

2

M
M
P
S

R

chromatograph for analysis. Mass flow controllers controlled
the feed and sweep gas flow rates and pneumatically actuated
stainless steel control valves regulated the pressure. Flows,
pressures and temperatures were controlled with a personal
computer-based process control system. The sweep gas pres-
sure for the NETL-Ma-1-21.3 membrane test was maintained
at atmospheric pressure, which generated pressure differen-
tials as high as 2800 kPa, resulting in large mechanical strains
across the membrane. By contrast, the sweep gas pressure
during the NETL-Ma-2-22.2 membrane test was maintained
approximately 138 kPa below the feed gas pressure in an ef-
fort to eliminate the effects of a large pressure drop across
the thin palladium film.

2.3. Membrane characterization

NETL-Ma-0-21.0 and NETL-Ma-1-21.3 were charac-
terized by scanning electron microscopy and energy dis-
persive spectroscopy (EDS). The SEM was operated in
backscattered-mode for elemental contrast. During destruc-
tive characterization, each membrane was cross-sectioned,
and both its outer (palladium) surface and its cross-section
were analyzed. The cross-section was obtained by cutting
about half way through the membrane and breaking the
r ear-
i port
p

ex-
a steel
s ar-
a ell as
o

NETL-Ma-1-21.3 NETL-Ma-2-22.

embrane length (mm) 45 45
embrane o.d. (mm) 6.35 6.35
alladium thickness (mm) 21.3 22.2
upport average pore diameter
(microns-�m)

0.2 0.2

etentate shell i.d. (mm) 13.51 13.51
emaining part. This method was used to avoid sm
ng the thin palladium layer and contaminating the sup
ores.

X-ray photoelectron spectroscopy (XPS) was used to
mine the oxide passivation layer on the porous stainless
upport. NETL-Ma-0-21.0 and NETL-Ma-1-21.3 were ch
cterized to determine surface components present as w
xidation states.
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3. Results and discussion

3.1. Permeance and permeability

Permeance and permeability results from this study have
been summarized inTable 2, together with literature data
from other thin-film palladium-based membranes, in such
cases where the data could be extracted from the literature
and presented on a common basis. The table is ordered ac-
cording to membrane thickness. This unique collection of
data allows for a uniform comparison of various types of
thin-film palladium membranes from many different studies.

The flux of hydrogen through the NETL-Ma-0-21.0,
NETL-Ma-1-21.3 and NETL-Ma-2-22.2 membranes was de-
termined at WPI prior to shipment to NETL. Each mem-
brane was tested for a minimum of 30 h at a tempera-
ture of 623 K, and pressure drops of up to 20 kPa. Separa-
tion factors were nearly ideal. Permeation data is given in
Table 2. Permeance values, ranging from 3.3× 10−4 to 4.2
× 10−4 mol/(m2 s Pa0.5) were within a factor of two of those
recorded at NETL. Considering that the testing methods at
the two locations were vastly different (low pressure with
no permeate sweep versus large pressure range and swept
permeate gas), this level of agreement is considered to be
very good, and indicative that no changes to the membranes
o
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poorer degree of fit than was observed in NETL’s bulk Pd
study, where relatively small disk membranes were employed
[38].

The permeance of the NETL-Ma-1-21.3 and NETL-
Ma-2-22.2 membranes employed in this study remained
quite constant at values of∼1.5 × 10−4 and ∼2.9 ×
10−4 mol/(m2 s Pa0.5), respectively, over the 623–723 K tem-
perature range when the exponent was constrained to a value
of 0.5. Although permeability of bulk palladium[38] and
palladium films deposited via electroless plating on ceramic
substrates[30] is known to increase with temperature, the
permeance of the NETL-Ma-1-21.3 and NETL-Ma-2-22.2
membranes remained invariant as they were heated from 623
to 723 K. Further, the NETL-Ma-1-21.3 membrane exhib-
ited a 35% decrease in permeance, from 1.5× 10−4 to 9.8
× 10−5 mol/(m2 s Pa0.5), when it was returned to its original
temperature of 623 K. The invariance of the permeance (per-
meability) during heating and its subsequent loss upon cool-
ing suggested that irreversible changes were taking place in
the structure of the membrane that diminished the permeance
of the thin palladium film. Such changes could have included
physical deformation of the film or intermetallic diffusion be-
tween the palladium film and the porous stainless steel sub-
strate. The latter possibility seems less likely, as the porous
stainless steel was intended to be isolated from direct metal-
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ccurred upon shipment to NETL.
During testing at NETL, the flux of hydrogen through

ETL-Ma-1-21.3 membrane was determined sequentia
23, 673, 723, and 623 K, while the flux through the NE
a-2-22.2 membrane was evaluated at 623, 673, and 7
lux values were plotted against (Pn

H2,ret − Pn
H2,perm), as rep

esented in Eq. (1), to determine permeance and permea
wo separate plots were made. In one plot, the exponen,
as allowed to float to a “best fit” value. This value ofn’

s listed inTable 2. In the second method, done in orde
romote comparison with other samples, the value of ‘n’ was

orced to equal 0.5. Permeability and permeance valu
ach membrane at each temperature from these plots a
ided inTable 2, along with the optimal exponent values
ach run and theR2 value associated with the best fit ex
ent or the fit ton= 0.5. TheR2 values associated with the
f the data to a straight line ranged from 0.90 to 0.97 whn
as set at 0.5 and from 0.94 to 0.99 whenn was allowed to
oat, as shown inTable 2. These values were generally l
han the values of 0.96–0.98 associated with NETL’s s
f unsupported bulk palladium[38].

An example permeability plot for the NETL-Ma-1-21
embrane at 623 K withn = 0.5 is shown inFig. 2. The “S”

haped fit of the data around the straight line has been
iously observed for flux data associated with a thin Pd
lloy film supported on porous stainless steel[39]. It is be-

ieved to be an artifact of the data analysis, which does
dequately account for the fact that the concentration o
rogen both decreases on the feed side and increases
ermeate side over the length of the tubular membrane

he direction of flow. This accounts for at least some of
-

e

etal contact with the active palladium layer by an ox
arrier layer. Such changes may have occurred throug

he test duration, with the diminished permeability from
tructural changes masked by the increased permeabi
ulk palladium with temperature; the net result being inv
nce in permeability in spite of increasing temperature.

The permeance of the palladium membranes of this s
long with selected literature values is provided inTable 2and
hown inFig. 3for membranes characterized by a hydro
artial pressure exponent of 0.5. In these calculations
ubstrate materials are assumed to have infinite perme
.e., any resistance to flow is attributed to the palladium.
olid line corresponds to the NETL permeance correlatio
000�m thick bulk palladium membranes[38]. Both tested
embranes exhibited permeance values that were abo
rder-of-magnitude greater than that of bulk palladium
hown inFig. 3. These permeance values were within
ather wide range of values for previously reported m
ranes of comparable thickness that were also characte
y a hydrogen partial pressure exponent of 0.5, as indic
y the results inTable 2andFig. 3.

As expected,Fig. 3exhibits a great deal of scatter but th
s a general trend of increasing permeance with decre

embrane thickness. However, at some point there mu
n upper limiting value of palladium permeance when
embrane permeance is no longer governed by bulk diffu

ut instead becomes dominated by surface resistance e
pon examination ofFig. 3, this film thickness would appe

o be less than 1�m.
Bulk palladium exhibits very little difference in perm

bility for membrane thicknesses in the 100–10,000�m
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Table 2
NETL results (bold) with examples of literature data for permeability, permeance and flux of thin film palladium membranes

Reference Year Pd (�m) T (K) 1/T (1/K) PH2,ret (kPa) PH2,per (kPa) n R2 k (mol/
(m s Pa0.5))

k′ (mol/
(m2 s Pa0.5))

NH2 (mol/
(m2 s))

Wu et al.[21] 2000 0.35 673 0.00149 <101 <101 1 1.05E−12 3.00E−06 3.04E−01
Wu et al.[21] 2000 0.35 723 0.00138 <101 <101 1 1.40E−12 4.00E−06 4.05E−01
Wu et al.[21] 2000 0.35 773 0.00129 <101 <101 1 2.21E−12 6.30E−06 6.38E−01

Keuler et al.[22] 2002 1 603 0.00166 101–220 Sweep 1 1.10E−11 1.10E−05 1.11E+00
Keuler et al.[22] 2002 1 643 0.00156 101–220 Sweep 1 1.25E−11 1.25E−05 1.27E+00
Keuler et al.[22] 2002 1 683 0.00146 101–220 Sweep 1 1.30E−11 1.30E−05 1.32E+00
Keuler et al.[24] 2002 1 723 0.00138 101–220 Sweep 1 1.50E−11 1.50E−05 1.52E+00
Yeung et al.[23] 1999 1.6 623 0.00161 256 101 0.5 1.40E−10 8.80E−05 2.80E−02
Yeung et al.[23] 1999 1.6 850 0.00118 303 101 0.5 1.28E−09 8.00E−04 2.55E−01
Yan et al.[19] 1994 2 295 0.00339 100–200 Ar sweep 1 4.00E−15 2.00E−09 2.03E−04
Yan et al.[19] 1994 2 373 0.00268 100–200 Ar sweep 1 2.00E−13 1.00E−06 1.01E−01
Yan et al.[19] 1994 2 573 0.00175 100–200 Ar sweep 1 1.00E−11 5.00E−06 5.07E−01
Shu et al.[24] 1996 2 573 0.00175 105–120 N2 sweep 0.5 2.00E−09 1.00E−03 3.18E−01
Shu et al.[24] 1996 2 623 0.00161 105–120 N2 sweep 0.5 3.00E−09 1.50E−03 4.77E−01
Shu et al.[24] 1996 2 673 0.00149 105–120 N2 sweep 0.5 4.00E−09 2.00E−03 6.37E−01
Shu et al.[24] 1996 2 723 0.00138 105-120 N2 sweep 0.5 4.80E−09 2.40E−03 7.64E−01
Yan et al.[19] 1994 2 773 0.00129 100–200 Ar sweep 1 1.00E−11 5.00E−06 5.07E−01
Shu et al.[24] 1996 2 773 0.00129 105–120 N2 sweep 0.5 6.40E−09 3.20E−03 1.02E+00
Kusakabe et al.[17] 2001 3 573 0.00175 101.3 Ar sweep 1 7.50E−13 2.50E−07 2.53E−02
Kusakabe et al.[17] 2001 3 673 0.00149 101.3 Ar sweep 1 2.10E−12 7.00E−07 7.09E−02
Jun and Lee[15] 1999 3 723 0.00138 72 Vacuum 1 5.22E−11 1.74E−05 1.76E+00
Kusakabe et al.[17] 2001 3 773 0.00129 101.3 Ar sweep 1 6.00E−12 2.00E−06 2.03E−01
Kusakabe et al.[17] 2001 3 873 0.00115 101.3 Ar sweep 1 1.05E−11 3.50E−06 3.55E−01

Souleimanova et al.[25] 2002 4 673 0.00149 689 101 0.5 6.76E−10 1.69E−04 5.38E−02
Kusakabe et al.[26] 1996 4.4 673 0.00149 20–200 Ar sweep 1 4.40E−12 1.00E−06 1.01E−01
Kikuchi [27] 1995 4.5 666 0.00150 101 Sweep 0.5 4.02E−09 8.93E−04 2.84E−01
Kikuchi [27] 1995 4.5 769 0.00130 101 Sweep 0.5 6.03E−09 1.34E−03 4.27E−01

Jemaa et al.[28] 1996 6 673 0.00149 201 101 0.5 2.26E−09 3.76E−04 1.20E−01
Souleimanova et al.[25] 2002 8 673 0.00149 689 101 0.5 1.31E−09 1.64E−04 5.22E−02
Li et al. [29] 2000 10 740 0.00135 203 101 0.65 2.80E−09 2.80E−04 5.02E−01

Collins and Way[30] 1993 11.4 823 0.00122 156–2445 101–140 0.6 3.23E−09 2.83E−04 2.85E−01
Collins and Way[30] 1993 11.4 873 0.00115 156–2445 101–140 0.57 5.84E−09 5.13E−04 3.66E−01
Uemiya et al.[31] 1991c 13 673 0.00149 196 101 0.5 1.68E−08 1.19E−03 3.79E−01
Uemiya et al.[31] 1991c 13 773 0.00129 196 101 0.5 2.05E−08 1.46E−03 4.65E−01
Collins and Way[30] 1993 17 723 0.00138 156–2445 101–140 0.62 2.34E−09 1.38E−04 1.75E−01
Collins and Way[30] 1993 17 773 0.00129 156–2445 101–140 0.59 4.04E−09 2.38E−04 2.14E−01
Collins and Way[30] 1993 17 823 0.00122 156–2445 101–140 0.56 6.82E−09 4.01E−04 2.55E−01
Collins and Way[30] 1993 17 873 0.00115 156–2445 101–140 0.55 9.96E−09 5.86E−04 3.32E−01
Ma-0-19.7 (WPI) 2003 19.7 623 0.00161 101–202 101 0.5 8.29E−09 4.21E−04 1.34E−01
DeRossett[5] 1960 20 616 0.00162 108–4925 101–2169 0.8 9.24E−11 4.62E−06 4.67E−02
Kikuchi [27] 1995 20 666 0.00150 101 Sweep 0.5 4.66E−09 2.33E−04 7.42E−02
DeRossett[5] 1960 20 672 0.00149 108–4925 101–2169 0.8 1.18E−10 5.90E−06 5.96E−02
Uemiya et al.[32] 1991a 20 673 0.00149 150–394 101 0.76 2.33E−10 1.16E−05 7.39E−02
Uemiya et al.[33] 1991b 20 675 0.00148 297 101 0.5 7.21E−09 3.61E−04 1.15E−01
Uemiya et al.[33] 1991b 20 725 0.00138 297 101 0.5 8.52E−09 4.26E−04 1.36E−01
DeRossett[5] 1960 20 727 0.00138 108–4925 101–2169 0.8 1.26E−10 6.30E−06 6.37E−02
Kikuchi [27] 1995 20 769 0.00130 101 Sweep 0.5 6.54E−09 3.27E−04 1.04E−01
Shu et al.[34] 1994 20 773 0.00129 136 He sweep 0.5 8.93E−09 4.47E−04 1.42E−01
Uemiya et al.[33] 1991b 20 775 0.00129 297 101 0.5 9.17E−09 4.59E−04 1.46E−01
Collins and Way[30] 1993 20 823 0.00122 156–2445 101–140 0.53 1.43E−08 7.15E−04 3.22E−01

Paturzo and Basile[35] 2002 21 753 0.00133 160–201 101 1 2.60E−09 5.46E−14 5.53E−09
Ma-1-21.3 (WPI) 2003 21.3 623 0.00161 101–202 101 0.5 7.22E−09 3.39E−04 1.08E−01
NETL -Ma-1-21.3 2003 21.3 623 0.00161 95–2573 Sweep(<67) 0.5 0.97 3.25E−09 1.53E−04 4.85E−02
NETL -Ma-1-21.3 2003 21.3 673 0.00149 95–2573 Sweep(<67) 0.5 0.97 3.22E−09 1.51E−04 4.81E−02
NETL -Ma-1-21.3 2003 21.3 723 0.00138 95–2573 Sweep(<67) 0.5 0.97 3.04E−09 1.43E−04 4.54E−02
NETL -Ma-1-21.3 2003 21.3 623 0.00161 95–2573 Sweep(<67) 0.5 0.93 2.09E−09 9.80E−05 3.12E−02
NETL -Ma-1-21.3 2003 21.3 623 0.00161 95–2573 Sweep(<67) 0.62 0.98 5.47E−10 2.57E−05 3.37E−02
NETL -Ma-1-21.3 2003 21.3 673 0.00149 95–2573 Sweep(<67) 0.61 0.98 6.34E−10 2.98E−05 3.45E−02
NETL -Ma-1-21.3 2003 21.3 723 0.00138 95–2573 Sweep(<67) 0.62 0.98 5.34E−10 2.51E−05 3.22E−02
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Table 2 (Continued)

Reference Year Pd (�m) T (K) 1/T (1/K) PH2,ret (kPa) PH2,per (kPa) n R2 k (mol/
(m s Pa0.5))

k′ (mol/
(m2 s Pa0.5))

NH2

(mol/(m2 s))

NETL -Ma-1-21.3 2003 21.3 623 0.00161 95–2573 Sweep(<67) 0.72 0.99 9.56E−11 4.49E−06 1.78E−02
Lin et al. [18] 1998 22 623 0.00161 202–1515 101 0.5 2.57E−09 1.17E−04 3.72E−02
Lin et al. [18] 1998 22 623 0.00161 202–1515 101 0.5 6.01E−09 2.73E−04 8.69E−02
Ma-2-22.2 (WPI) 2003 22.2 623 0.00161 101–202 101 0.5 7.45E−09 3.35E−04 1.07E−01
NETL -Ma-2-22.2 2003 22.2 623 0.00149 95–2573 Sweep(<300) 0.5 0.93 7.15E−09 3.22E−04 1.02E−01
NETL -Ma-2-22.2 2003 22.2 673 0.00149 95–2573 Sweep(<300) 0.5 0.90 5.97E−09 2.69E−04 8.55E−02
NETL -Ma-2-22.2 2003 22.2 723 0.00138 95–2573 Sweep(<300) 0.5 0.92 5.95E−09 2.68E−04 8.53E−02
NETL -Ma-2-22.2 2003 22.2 623 0.00161 95–2573 Sweep(<300) 0.53 0.94 4.69E−09 2.11E−04 9.28E−02
NETL -Ma-2-22.2 2003 22.2 673 0.00161 95–2573 Sweep(<300) 0.53 0.91 3.98E−09 1.79E−04 7.96E−02
NETL -Ma-2-22.2 2003 22.2 723 0.00149 95–2573 Sweep(<300) 0.58 0.97 1.89E−09 8.52E−05 6.59E−02
Mardilovich et al.[7] 1998 24 623 0.00161 151–404 <101.3 0.5 7.41E−09 3.09E−04 9.84E−02
Mardilovich et al.[7] 1998 24 623 0.00161 151–404 <101.3 0.5 3.67E−09 1.53E−04 4.87E−02
Mardilovich et al.[7] 1998 24 673 0.00149 151–404 <101.3 0.5 6.70E−09 2.79E−04 8.88E−02
Mardilovich et al.[7] 1998 24 723 0.00138 151–404 <101.3 0.5 8.69E−09 3.61E−04 1.15E−01

Tosti et al.[4] 2000 50 593 0.00169 200 Sweep 0.5 9.64E−09 1.93E−04 6.14E−02
Tosti et al.[4] 2000 50 623 0.00161 200 Sweep 0.5 1.08E−08 2.16E−04 6.88E−02

Jarosch and de Lasa[36] 2001 156 1023 0.00098 425–603 Sweep 0.5 4.14E−09 2.65E−05 8.44E−03
Jarosch and de Lasa[36] 2001 156 1123 0.00089 425–603 Sweep 0.5 5.24E−09 3.36E−05 1.07E−02
Jarosch and de Lasa[36] 2001 244 523 0.00191 425–603 Sweep 0.5 4.23E−09 1.74E−05 5.54E−03
Jarosch and de Lasa[36] 2001 244 823 0.00122 425–603 Sweep 0.5 1.58E−08 6.47E−05 2.06E−02

Notes: NH2 flux calculations based on permeance at reported T,PH2,retentate= 101.3 kPa,PH2,sweep= 0 kPa.

range[38]. Interestingly enough, the apparent permeability
of thin, supported Pd membranes (0.1–100�m) is actually
less than that of bulk palladium. This is most readily ob-
served by comparing the permeability values inTable 2that
correspond ton= 0.5, as illustrated inFig. 4. Our recent cor-
relation for the permeability of bulk palladium over a wide
range of temperature and pressure is provided to facilitate
the comparison of thin film palladium permeability with the
permeability of bulk palladium[38]. Although the literature

F differen retentat
s for the

data is widely scattered, there is a general trend of decreas-
ing permeability with decreasing membrane thickness below
100�m. Another way of stating this is that the permeability,
a quantity intended to be independent of membrane thick-
ness, is actually not independent once thickness becomes less
than about 100�m. This has been attributed to many causes
including the increased influence of surface effects, concen-
tration dependence of the permeability, transport resistance
of the substrate material, palladium surface contamination,
ig. 2. Flux of hydrogen through the membranes as a function of the
weep side of the membrane. The line represents the best fit of data
ce between the square root of the hydrogen partial pressures on thee and
NETL-Ma-1-21.3 membrane the first time it was maintained at 623 K.
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Fig. 3. Permeance of palladium as a function of membrane thickness (in�m) and temperature;n = 0.5; data and references listed inTable 2. The solid line
corresponds to 1 mm thick bulk palladium[38]. The sequence of the NETL-Ma-1-21.3 membrane (�) was 1000 T−1 = 1.61, 1.49, 1.38, 1.62; the sequence of
the NETL-Ma-2-22.2 membrane (�) was 1000 T−1 = 1.61, 1.49, 1.38.

flow of hydrogen through grain boundaries, thermal history,
lattice dilatation and/or lattice defects.

Although the permeability of thin supported palladium
membranes decreased with decreasing thickness shown in
Fig. 4, the permeance values increased, as was shown in
Fig. 3. However, the increase was not as great as would have
been expected by the purely inverse relationship between per-
meance and thickness given inEq. (2). This again demon-

F s (in�m) an
c L-Ma- e of
t

strates the increasing importance of surface resistance, rather
than diffusion, on hydrogen transport, as membrane thickness
decreases.

3.2. Flux comparisons based on reference conditions

Although permeance and permeability relationships are
valuable in characterizing the general behavior of a mem-
ig. 4. Permeability of palladium as a function of membrane thicknes
orresponds to 1 mm thick bulk palladium[38]. The sequence of the NET
he NETL-Ma-2-22.2 membrane (�) was 1000 T−1 = 1.61, 1.49, 1.38.
d temperature;n = 0.5; data and references listed inTable 2. The solid line
1-21.3 membrane (�) was 1000 T−1 = 1.61, 1.49, 1.38, 1.62; the sequenc
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Fig. 5. Flux of hydrogen through palladium as a function of membrane thickness (in�m) and temperature for hydrogen partial pressure of 101.3 kPa on the
retentate side and 0 on the permeate side; 0 <n < 1; data and references listed inTable 2. The solid line corresponds to 1 mm thick bulk palladium[38]. The
sequence of the NETL-Ma-1-21.3 membrane (�) was 1000 T−1 = 1.61, 1.49, 1.38, 1.62; the sequence of the NETL-Ma-2-22.2 membrane (�) was 1000 T−1

= 1.61, 1.49, 1.38.

brane material, a more practical question is how a given
membrane might perform in a specific situation. To illustrate
this for the tested and literature thin-film palladium mem-
branes, a reference condition was arbitrarily chosen so that all
the membranes, characterized by partial pressure exponents
ranging from 0.5 to 1.0, could be compared. The expected
flux was based on a retentate hydrogen partial pressure of
100 kPa and a permeate hydrogen partial pressure of zero at
the actual temperature at which the membrane was evaluated.
The membrane permeance and partial pressure exponent val-
ues listed inTable 2were used to estimate the flux at the
reference pressure condition using Eq. (1). These flux cal-
culation results are listed in the last column ofTable 2and
are illustrated inFig. 5. The results, though useful, must be
viewed with a degree of caution. The permeability and per-
meance relationships are a very broad measure of material
behavior. They are particularly sensitive to the choice of the
best fit exponent,n. For example, the flux of the NETL-Ma-
1-21.3 membrane at 673 K was 4.8× 10−2mol/m2 s when
calculated using the permeability relationship withn = 0.5,
but 3.5× 10−2 mol/m2 s when calculated using the best fit
exponent ofn = 0.61 (Table 2). These two values, differing
by almost 40%, were calculated from thesame setof experi-
mental data, with the only difference being how the original
data was fit.

ing
fl ub-
m
t sur-
f for
t

The NETL-Ma membranes exhibited flux values roughly
an order-of-magnitude greater than bulk palladium and were
consistent with fluxes calculated for previously reported
membranes of comparable thickness. In particular, the mem-
brane studied by Collins and Way[30] was prepared by elec-
troless deposition, was comparable in thickness, and was
characterized over similar ranges of temperature and pres-
sure as the NETL-Ma membranes. The porous substrates dif-
fered, however, as the palladium membranes investigated by
Collins and Way were supported on porous ceramic while the
NETL-Ma palladium membranes were supported on porous
stainless steel. At 723 K, fluxes associated with the 17�m
thick palladium membrane of Collins and Way averaged 1.75
× 10−1 mol/m2 s, roughly two to four times greater than
the fluxes of 3.2× 10−2 mol/m2 s for the NETL-Ma-1-21.1
and 6.6× 10−2mol/m2 s NETL-Ma-2-22.2 micron palla-
dium films. When differences in testing methods, membrane
thickness, and the previously cited imprecision in calculating
fluxes from permeance/permeability relationships are taken
into account, this agreement is quite reasonable. It should
also be noted that the flux of the NETL-Ma membranes
had likely already begun to degrade at 673 K as previously
discussed.

3.3. Membrane selectivity

ite
s (at
t r, at
h elium
w

As expected,Fig. 5shows the general trend of increas
ux with decreasing palladium thickness. The flux of s
icron palladium layers was comparable to the flux of 1�m

hick palladium, indicative of the enhanced influence of
ace effects, rather than bulk diffusion, on hydrogen flux
hese ultra-thin membranes.
The NETL-Ma-1-21.3 membrane exhibited infin
electivity,α, at total pressure drops less than 350 kPa
he detection limit of the gas chromatograph). Howeve
igher pressure differentials across the membrane, h
as detected on the permeate side, as illustrated inFig. 6.
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Fig. 6. Selectivity of NETL-Ma-1-21.3 as a function of total pressure drop across the membrane.

The selectivity decreased from a value of 135 at a total
pressure drop of 500 kPa to a value of 12 as the total pressure
drop increased to 2800 kPa. No hysteresis in selectivity was
observed as the total pressure drop was decreased. These
results indicate that high selectivity of a thin palladium film
composite membrane at low total pressure drop conditions
does not ensure that high selectivity will be realized at
elevated pressure drop conditions. The NETL-Ma-2-22.2
membrane, which was not subject to a pressure differential
greater than 138 kPa because the permeate sweep gas
was maintained at approximately the same pressure as
the retentate stream, exhibited infinite selectivity at all
conditions.

3.4. Characterization of the membranes

NETL-Ma-0-21 was examined by SEM in an as-prepared
condition to provide a baseline for comparison to a mem-
brane after flux testing to determine whether any observable
morphological changes had occurred. The external surface of
this membrane consisted of a bimodal coverage of rounded
hillocks ranging from about 5 to 25�m in diameter (Fig. 7a).
Some areas of the membrane surface consisted of densely
packed hillocks of high relief (Fig. 7a, upper left corner)
while other areas were of much lower relief (Fig. 7a, rest
o mbi-
n face
s a re-
fl rial.
A than
1

as-
p olog-
i
c to be

about 20–25�m, in good agreement with the thickness es-
timated using the gravimetric method. Extremes in palla-
dium film thickness ranged from about 10 to about 50�m,
however, as shown inFig. 7b. Resulting from the method
of palladium application, palladium “fingers” were seen to
extend into the pore structure. This probably acted as a
mechanical anchor holding the palladium layer to the sup-
port. Closer examination of the fractured edge of the pal-
ladium layer (Fig. 7c) showed that the layer appeared to
contain internal voids. Also evident was some smaller-scale
layering within the palladium layer (Fig. 7c). Sub-micron
palladium islands (bright spots) were visible on the pore
walls immediately below the palladium membrane layer
(Fig. 7d). These islands probably resulted from early-stage
palladium deposition on surface activated sites. Sealing of
the surface of the porous substrate which blocked palladium-
solution access probably prevented continued growth of these
islands.

NETL-Ma-1-21.3 was examined by SEM after flux test-
ing. The appearance of this membrane was very similar to the
fresh membrane, with no obvious changes attributed to flux
testing. The external surface of this membrane consisted of
a uniform coverage of rounded hillocks ranging from about
10 to 100�m in diameter (Fig. 8a). Again, these features
probably resulted from a combination of preferential palla-
d oless
p ying
t pits,
g is
m

sed
m cs as
o d
f ness
a

f image). These features probably resulted from a co
ation of preferential palladium deposition on some sur
ites during the electroless plating process as well as
ection of the underlying topology of the substrate mate
lso evident are a few surface pits that are generally less
0�m in diameter.

SEM analysis of the fracture cross-section of the
repared membrane revealed several interesting morph

cal characteristics of the palladium coating (Fig. 7b and
). The average palladium layer thickness appeared
ium deposition on some surface sites during the electr
lating process as well as a reflection of the underl

opology of the substrate material. Some surface
enerally less than 10�m in diameter, were evident in th
embrane.
SEM analysis of the fracture cross-section of the u

embrane revealed similar morphological characteristi
bserved in the fresh membrane (Fig. 8b and c). As observe

or the fresh membrane, the average palladium layer thick
ppeared to be about 20–25�m. Extremes in palladium film
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Fig. 7. SEM images of a palladium membrane before flux testing. (a) Typical SEM image of membrane surface showing rounded hillocks. Cross-section
of membrane surface showing (b) palladium “fingers;” (c) layering and internal voids; and (d) sub-micron palladium islands (bright spots) on pore walls
immediately below the palladium membrane layer.

thickness ranged from about 10 to about 50�m, as shown in
Fig. 8b and c. Palladium “fingers” again extended into the
pore structure. Closer examination of the fractured edge of
the palladium layer (Fig. 8d) showed that the layer appeared
to contain internal voids. The fractured edge also suggested
that the “fingers” extending into the pores of the substrate are
hollow. Sub-micron palladium islands were also visible on
the pore walls immediately below the palladium membrane
layer (Fig. 8d).

Intermetallic diffusion occurring between the porous sup-
port and the active membrane layer resulting in the formation
of a lower permeability alloy has been proposed to explain
the observed flux decrease following testing at 723 K. For this
diffusion to occur, the oxide passivation layer would have had
to allow migration of metal atoms between the porous support
and the active membrane layer. A possible mechanism that
would allow this migration to occur would be the reduction of
the oxide layer. The conditions under which the membranes
were tested are conducive to metal oxide reduction, i.e., ele-
vated temperature under flowing hydrogen which would also
carry the byproduct water away. However, chromium oxide

is not easily reduced under such mild conditions so it would
be expected to persist as a diffusion barrier. EDS was used
to investigate the composition of the palladium membrane
layer to determine if any detectable levels of substrate com-
ponent metals (primarily Fe, Cr, and Ni) had migrated into
the palladium layer. Not surprisingly, the results were incon-
clusive. The sensitivity limits and the sample morphology
made obtaining a dependable analysis difficult. Analysis of
the oxide coating on the supporting porous stainless steel was
attempted by XPS. A comparison of the fresh versus the post-
test membrane was done to determine if any reduction of the
surface oxide occurred. These analyses were also inconclu-
sive. However, for one sample of used support, evidence of
the reduction of iron in the oxide layer to metallic iron was
observed. In the Fe 2p region for this sample, a small peak
was observed at a binding energy lower than the binding en-
ergy typical for oxidized iron. This peak suggests that at least
some of the iron in the oxide layer was reduced. No similar
peaks were observed for Cr or Ni. Thus, the possibility of
intermetallic diffusion can neither be supported nor ruled out
from these observations.
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Fig. 8. SEM images of a palladium membrane after flux testing. (a) Typical SEM image of membrane surface after testing. Pits are visible as black spots.
Cross-section of membrane surface showing (b) palladium fingers; (c) thickness variation; and (d) internal voids.

4. Conclusions

Membranes composed of thin films of palladium
(21–22�m) deposited on porous stainless steel via electroless
plating have been evaluated at temperatures of 623–723 K, to-
tal pressure drops to 2800 kPa, and hydrogen partial pressures
up to 2500 kPa. Although the membranes exhibited infinite
selectivity for hydrogen in the absence of a total pressure drop
or in the presence of a small pressure drop across the mem-
brane, H2/He selectivity decreased from infinity at pressure
drops below 350 kPa to 12 at 2800 kPa. This decrease in selec-
tivity was attributed to viscous flow of the retentate through
the defects and illustrated that excellent membrane selectivity
at low total pressure drop conditions does not ensure infinite
selectivity at elevated pressure drop conditions. The optimal
exponent values for the partial pressure of hydrogen in the
flux expression were 0.55 and 0.64 for the two membranes, in-
dicating that hydrogen transport was limited by bulk diffusion
rather than surface effects. The membranes exhibited perme-
ance and permeability values that were within the rather wide
range of literature values reported for supported membranes
of comparable thickness. The severity of the test conditions
may have contributed to the degradation of the membrane,

which exhibited a drop of 35% in permeance at 623 K af-
ter cycling to 723 K at pressure drops of up to 2800 kPa.
Although the exact source of the degradation could not be
pinpointed, intermetallic diffusion could not be ruled out,
despite the presence of a thin barrier oxide layer. Character-
ization also revealed a fairly rich and complex morphology
of the palladium film, including the presence of palladium
“fingers” that extended into and appeared to anchor the pal-
ladium layer to pore structure, smaller scale layering within
the overall palladium layer, and internal voids in the palla-
dium structure.
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Nomenclature

αH2,He selectivity for hydrogen over helium
k hydrogen permeability of metal

(mol/(m s Pa0.5))
k′ hydrogen permeance of metal

(mol/(m2 s Pa0.5))
n pressure exponent, 0.5–1.0
NH2 flux of hydrogen molecules (mol H2/(m2 s))
P total pressure (Pa)
PH2 hydrogen molecule partial pressure (Pa)
PH2,perm hydrogen molecule partial pressure on perme-

ate side (Pa)
PH2,ret hydrogen molecule partial pressure on reten-

tate side (Pa)
R2 Pearson product moment correlation coeffi-

cient
T temperature (K)
XM membrane thickness (m)
yH2,permeate concentration of hydrogen in the permeate

stream (mol%)
yH2,retentate concentration of hydrogen in the retentate

stream (mol%)
yHe, permeate concentration of helium in the permeate

stream (mol%)
yHe, retentate concentration of helium in the retentate

stream (mol%)
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